Introduction
Interest in understanding the structure of geologic materials dates back to the work of Darcy [1856] . It was well known that the structure of the rock greatly affected the flow characteristics that Darcy was measuring. Because of the complexity of the problem, Darcy introduced the bulk permeability that relates the applied pressure gradient to the average velocity of the viscous fluid flowing through the medium. It is now very well established that other bulk properties of porous vances in fields such as scanning and transmission electron microscopy [Flegler, 1993] phase information of a given sample. In addition, these methods are nonintrusive leaving the sample intact and unaltered,which allows complimentary studies either by any of the aforementioned techniques or through direct experimental measurement of the same sample. As experimental or digitized data are of finite resolution, it is important to understand the relationship between the correlation function extracted from a digitized representation and the correlation function for the actual material. This relationship is exact for infinite resolution and becomes correspondingly less so at reduced resolutions. Coker and Torquato [1995a,b] recently studied digitized representations of the continuum model of overlapping spheres at various resolutions and volume fractions. They discovered that for certain morphological quantities, large discrepancies arose between the exact continuum results and the measured digitized analogues. In some cases the difference was as much as 20%. However, certain morphological quantities showed little or no dependence. As the digitized nature of a medium is actually realized in the boundary between the phases, quantities sensitive to this interface showed the greatest dependence. Therefore the poorer the resolution, the worse the correlation between the digitized measurement and the actual value.
We will employ the experimental data from a microtomographic study of Fontainebleau sandstone, as this allows access to high-resolution characterization of the specimen in the full three dimensions. This sample was previously studied by Schwartz et al. [1994] . They conducted a direct numerical simulation on fluid motion through the pore space in an attempt to predict the fluid permeability. We focus mostly on extracting morphological measures and using this information to estimate physical properties.
To estimate a wide spectrum of bulk properties of the Fontainebleau sandstone specimen, we extract from the three-dimensional image a number of different correlation functions, some of which are obtainable from lineal, plane, and/or volume measurements. The most basic and simplest quantities are the volume fraction of phase i, qbi, and specific surface (the interfacial surface area per unit volume) s. These quantities are actually one-point correlation functions. For example, in the case of a statistically homogeneous system, qbi is equal to the probability of finding a point in phase i. Both qbi and s can be obtained from lineal, plane or volume measurements [Underwood, 1970] . Higher-order information that we obtain from the specimen include: twopoint and three-point probability functions $2(r) and $a(r,s, t), lineal-path function L(z), chord-length distribution function p(z), pore-size distribution function P(5), and coarseness C. All of these quantities are defined precisely below and are important in determining a variety of effective properties, such as the conductivity [Beran, 1968; Milton, 1981; Torquato, 1991; Milton, 1987] , elastic moduli [Milton, 1981] Light Source (NSLS) located at Brookhaven National Laboratory producing high intensity X rays with well described continuum spectra, the reality of analyzing three-dimensional samples at the pore level has been achieved since resolutions of 1/•m are possible with typical rocks and materials.
Tomographic Process
The tomographic data used in this analysis are obtained from a sample of Fontainebleau sandstone which has two highly desirable properties: the pore phase is relatively free of inter-grain contaminants such as clay, 
The characteristic function .M(x) for the interface is defined as
This notation translates into a designation of each phase of the tomographic image with a value of 0 or 1. In this investigation we associate a value of 1 with the grain phase and a value of 0 with the pore phase. As this study concentrates on only one sample, there is only one realization w, but the size of the sample is sufficiently large as to allow us to replace ensemble averaging with volume averaging.
The n-Point Probability Functions and Bulk Properties
The simplest morphological measures are the onepoint correlation functions such as the volume fraction 4i of phase i and the specific surface area s, both of which are defined in terms of the appropriate characteristic functions as
Here angular brackets denote ensemble averaging. Under the ergodic hypothesis, ensemble averaging can be replaced with volume averaging. The volume fraction • has a simple probabilistic interpretation; it is the probability of finding a point in phase i. The probability that two points separated by r both lie in the pore phase is denoted by S•(r). For isotropic media, the two-point probability function depends only on the magnitude of the separation r and is given by -+ 
There exist sharper variational bounds on k that also depend on higher-order n-point quantities [Torquato, 1991] . Another length scale obtainable from the two-point function is its correlation length as defined by the distance at which the two-point function dwindles to its asymptotic value of qbx2; this scale will be referred to as A½.
An additional geometric parameter that plays an important role in determining the effective conductivity and the bulk modulus of a random medium is (2 [Torquato, 1991] The pore-size distribution function P(5) [Scheidegget, 1974; Torquato and Avellaneda, 1991], is defined such that P(5)d5 is the probability that a randomly chosen location in the pore phase lies a distance between 5 and 5+d5 of the nearest point on the pore-solid interface. It is important to note that P(6)d6 can be obtained only from a three-dimensional representation of the sample, as it contains some connectedness information about the pore space [Torquato, 1994] . window and reduces to a•/q•l in the limit V0 --* •. It was also shown that C can be related to the two-point probability function described earlier [Lu and Torqualo, 1990 ].
Morphological Results and Predictions
In the results that follow, each voxel of the reconstructed tomographic image is a cubic region of size 7.5 x 7.5 x 7.5 pm s and comprises a single phase, grain, or pore. Therefore the phase of a randomly chosen point is that of the voxel in which it resides. The algorithms for the previous study involving digitized spheres [Coker and Torquato, 1995a ,b] were developed primarily for rectangular regions within a slice and a series of slices forming a rectangular volume. All twodimensional quantities are computed within each slice, and the results are averaged across slices. Therefore we extract the largest possible rectangular volume from the center of the cylindrical drill core sample shown in Figure 3 . The sample consisted of roughly 300 planar slices separated by a distance of 7.5 pm. Because of various experimental difficulties, some internal slices had to be discarded, reducing the number of useful slices to 296. The two-point probability function averaged across slices of the Fontainebleau specimen is given in Figure 4. The structure of this curve is reminiscent of materials composed of overlapping granules. As the two-point probability function is not very sensitive to the underlying morphology, this is not a surprising result. As was mentioned above, the two-point probability function may be used to define the length scales, AA, As, and A½. These are given in Table 1 . In earlier work [Coker and Torquato, 1995b] , each of these quantities was found to be relatively insensitive to the digitization process. The uncertainties given in Table I Figure 5 . Since C is computed in an observation volume having a thickness of one slice, it provides a useful measure of the statistical fluctuations one will encounter in going from slice to slice in a digitized medium. This volume Vo is scaled by the volume of a sphere with diameter A½. This is done because A½ provides a convenient length scale beyond which correlations have died out. As can be seen in Figure 5 , C at relatively large volumes is still approximately 0.14. Therefore, the size of the Fontainebleau specimen is statistically small, giving rise to the large fluctuations shown in Table 1 .
As was discussed above, previous work [Coker and
In Table 2 Table 2 for several different resolutions.
The lower-resolution results will be more consistent with the continuum or experimental result, while the higher-resolution results will approach the direct result. This phenomenon is clearly seen in Table 2 . Obtaining an exact measurement of the continuum specific area is difficult because of this resolution dependence. However, it was shown [Coker and Torquato, 1995b ] that a medium-resolution (1/2 -1 voxel) gives a result that closely approximates that of the continuum system. In fact, the lower-resolution measurements indeed provide a value much closer to the experimental value (see Table 2 ) than the direct method. In the infinite resolution limit, the direct resuit could be obtained from the use of ( The parameter (2 = 0.42 (see Table 1 ), which determines bounds on the effective conductivity [Torquato, 1980; Milton, 1981] and elastic moduli [Milton, 1981] , was determined using a previously developed algorithm [Coker and Torquato, 1995b] . The large uncertainty in (2 arises from the relatively small sample size available. The three-point probability function that arises in the integrand of (2 does not decay fast enough for the sample sizes studied here, leading to nonzero contributions that cannot be accurately accounted for. This information is utilized to compute a rigorous upper bound on the dimensionless effective conductivity when the pore fluid has a conductivity •r• and a nonconducting Consider now the predictions of the permeability k. Experimentally, it was found that k - two-dimensional image. Determination of these statistical quantities allowed us to predict effective properties of real materials such as mean survival time, permeability, and conductivity. The bound for the mean survival time was relatively sharp, the permeability was an upper bound within a factor of 1.6 of the experimental value, and the conductivity bound was about 3 times larger than the experimental value. As with any digitized representation of real materials, it is important to bear in mind that the digitization, finite resolution, and finite sample size may affect any measured quantity. Finite sample size results primarily in statistical uncertainties, while digitization and finite resolution result in quantitative shifts of the measured quantities.
